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Tunable THz radiation with a narrow spectral line width is of great interest for molecular spectroscopy, remote sensing, and imaging. A major obstacle to the wide application of accelerator-based THz sources is the lack of frequency tunability. This comes from the fact that the THz radiation is generated from a single electron bunch of ~1ps duration, which results in a single-cycle or near single-cycle THz pulse. In this work, we demonstrate both theoretically and experimentally, by using a temporally shaped photocathode drive laser pulse, it is possible to control and manipulate the longitudinal charge distribution of a relativistic electron beam, and thereby generate tunable, narrow-band, few-cycle and multi-cycle THz pulses through coherent transition radiation. The result further widens the potential of existing accelerator facilities as sources of THz radiation. The THz source presented in this work is developed at Brookhaven National Laboratory. A magnesium photocathode in a RF photoinjector is illuminated by a temporally modulated laser pulse at 265nm using chirped pulse beating technique. The drive laser pulse is given by
(1) It is modulated by a cosine function with a center frequency of µ=2bτ, which can be easily tuned by varying the time delay τ or the laser pulse frequency chirp b. Fig. 1 shows the cross-correlation measurements of the temporal profiles of the cathode drive laser pulses for two different time delays. The modulation periods are 1.38 and 0.6ps, corresponding to beat frequencies of 0.73 and 1.67THz. Fig. 1 . Temporal profiles of the photocathode drive laser pulses for two different time delays. The electron bunch is generated from the 5MeV photocathode, and then accelerated to the relativistic energy of ~120 MeV in two linac sections. Space charge effects play a fundamental role in preservation of the temporal structure of the electron bunch. Fig.2 shows the simulation results of a train of electron bunches which contain 100pC and 400pC, respectively. With ~100pC charge, the space-charge effect can be minimized by the rapid acceleration of the electron bunch to a relativistic energy, and the temporal structure of the electron bunch can be maintained through the acceleration. As the bunch charge increases further, the density modulation begins to washout because the phase space of each electron bunch grows in both the longitudinal and energy coordinates, leading to the overlap of adjacent bunches. Therefore, 100pC is used in the experiment, and the zero-phasing technique is applied to measure the longitudinal distribution of electron bunches, which is shown in Fig.3 . Projection of this distribution onto the longitudinal coordinate gives the electron density distribution. Due to the bunch compression, the modulation frequency of the electron bunch is ~1.3 times higher than that of the laser pulse. The modulation frequency of the electron bunch can be as high as ~2.6THz. After acceleration, the electron beam is incident onto an aluminum mirror to generate THz radiation through transition radiation. From equation 1, the THz radiation spectrum is given by
which indicates coherent radiation at the modulation frequency for each delay τ, and therefore the tunable coherent THz radiation can be obtained by using the photocathode drive laser to apply a quasisinusoidal modulation on the electron bunch at THz frequencies. From equations 2, the radiation energy will drop with increasing the time delay and the THz frequencies. The THz radiation is measured with a step-scan Michelson interferometer. Fig. 4 shows the THz interferograms obtained for different laser and electron bunch profiles shown in Figs. 1 and 3 . The Fourier transform of the interferogram gives the power spectra of THz radiation, as shown in Fig. 5 . The THz radiation is narrow-band with central frequencies at 0.4 and 1.1THz, consistent with the modulation frequency of the electron bunch. The spectral bandwidth for different central wavelengths is ~ 0.16THz. A train of N electron bunches whose amplitude is quasi-sinusoidally modulated results in an interferogram with 2N-1 peaks and gives rise to N-cycles of the electromagnetic field. The central frequency of the THz spectrum is tunable from ~0.26 to 2.6 THz, which is limited by space-charge effect, and the THz energy is measured to be ~0.5 to 2.5uJ within the frequency tunable range. In summary, we demonstrate the generation and characterization of tunable narrowband THz pulses from coherent transition radiation. The central frequency of the THz spectrum is tunable from ~0.26 to 2.6 THz with a bandwidth of ~0.16 THz.
